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SUMMARY 

The homeobos gene, knotted!, (knl) is expressed in shoot 
ineristems and is required for maintaining indeterminacy 
and preventing cellular differentiation. Awns, extensions of 
the bract-like lemma found in ali grass inflorescences, are 
normally determinate structures. We show that ectopic 
expression of knl in the barley awn is sufficient to direct 
the development of ectopic ineristems, forming inflores- 
cence-like structures. This homeotk transformation is 
similar to the phenotype produced by misexpression of the 
hi rU hvhn» cm > so< mr vid 1 ,, t » >«« H 
mutant (Muller, K. j,, Romano, N„ Gerstner, O,, Garcia- 
Marolo, E, Paiii, C, Salamini, F. and Rohde. W, (1995) 



Nature 374, 727-730). We suggest that the inverse polarity 
of the ectopic flowers seen in Hooded and transgenic knl 
plants results from the transformation of the awn into reit- 
erative inflorescence axes. We observed that the protein and 
mRNA localization of the transgene, driven by a constitu- 
tive promoter, is similar to the expression pattern of 
hvknoxS hi awns of//'- ; fed » uf fs » : jesting posttran- 
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INTRODUCTION 

Plants elaborate their shoot system throng;] the activity of the 
shoot apical meristem which forms organs from its flanks. In 
flowering plants a variety of associations exists between an 
individual flower and the shoot system. A single flower may 
arise through modification of as individual vegetative shoot 
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into a flowering shoot or h 
or many individual flowers (Sleeves and Sussex, 1989). All 
glass mfloies. 1 1 rc pikele each spikelet 

uiliimu' )i m i. > . , '} I 1 - ^ s i. 
develops as a shortened stem axis, the rachilla, which is 
attached to the > < i \ s « v « i x i %r overlapping 
si , t i i l . ! v 1 u i . 

the k mm i which bears a flower m its axil. The lemma ter- 
minates in a long pointed extension, an awn, considered to be 
j moddied 1 > c 

In barley, a gene homologous to die .maize knotted! (hi!) 
homeobox gene routed wind die tt„^U locus (Muller 
et al., 19 v >-) lard mm: d i mi ik -> 

ectopic mertsleim on the tipper lemma and awn. In some 
enetie i);u i s nenstem d i 1 an ectopic 

Ih I lit 

kind-, 1' » c' i >. > > m it o v .1- 

tionai ectopic reproductive structures can arise on the awn, 
with each iteration in inverse polarity to that preceding it 
(Stebbins and Yagil, 1966). Other parts of the plant are normal 
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! ^ m ht mfmesitf d \ A, 1997). 

related gene in Arabkhpsis, SHOOTME1USTEMLESS, 
required for initiation and maintenance of the shoot apic 
ill > iiK . ' I ' • < < . i )l '>i In th 
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r id' 1 1 ■ i, s, i node! to expla 

the inverse orientation of the ectopic meristems observed 
,1 j >^J id p ! i m rV p (terns 

gene expression of the endogenous forZ-like gene in Hooch 
at d the hi; ti ivc tntive p nnott i a 

striking in their similarity. 



MATERIALS AND METHODS 

Barley lines 

Bailey (Hordeum ■ 
used for stable Iran 
studies. Seeds for 
Hooded (KK) vari 
obtained from H. 
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s i i Strip lease as a male parent to the 

recurrent pareui Betzcs (CI 6398) retaining the Hooded phenotype in 
subsequent back-crosses (Hockett and Bowman, 1 990). The Hooded 
stock BGSJ52, in the background Colscs$ was .■brained from N. 
Lapitan, Colorado Stale University, Foit Collins, CO. 

Plant growth conditions 

Don ii i i i 1 i i i 

plants grown in growth chambers under a 1 6-hour light/8-hour dark 
period at 12°C and 60-80% humidity. A); other barley plants used for 
n < i[ i ledai i .i i me greenhouse 

ji 1 eil elev t \ i ju -r V i, r v i i ^ penod at 15- 
lk c i it n u I \i i ii j I 1 

1000 junior/second. 

PiassTiids 

One plasmid i i 1 i i s Me °l> (Chris - 

ill I 11! < >l ' ' i i 

» ( C \ ll ' 111 1 I 

maize ubiqt iiin '>// mot id List h i i n 
3992) with ir i i i i it ( ) i 

, U>,:,< < i J ") < 1 " 

! \j i ssna i 1 i [ i I t i i 

transferase (PAT) which inactivates die herbicides Basin and 
bbulapbos by acctylation. The mmsfoi muttons also included one of 
two plasmitte attaining maize *n/ (Voiibreeht e! al, 1991). 
pi5SMKNN \ i lis i i v filament con 

taming the A/ if> N ! 11/ mtother«.«PI 

dc o i pi i 1 1 i i it 

CaMV ?5S ("M 1 v " i i\ ' 1 <o on on 1 and nos 
terminator (Golf el' al, 1990). pUbiUbilKNN was constructed by 
sub-cloning the tibiqui/in (ubi!) promote! and first intron from 

■pAHC17 (Christensen el al. 1992) into pMF6 by removing -the 
' dt HI i I ml . 1 , 

'inserting a f; >. 1 ' » f i i ei i pAHi'!7 containing the 
uhii promoter and msi iiiia.ia the 1 i s |.p to»toii fragment eoti- 
t in ni' ih( /.,,.,' L [r,,s nas i 1 i s i ted > to die 5«mHI site 
of the constructed vector. 

Transformation and regeneration of barley 

! 11 I 1 IK 111 id I " 1 I 1 I II I I 1 I I 

Golden Promise were isolated oiid - I i a ing published 

methods (Lemaux et ah, 1996, Wan and Lcmanx, 1994). Briefly, one 
day before bomliardrw muoetur. emhiios "..m . ..U in halt longi- 
tudinally and p! k i d i i m to n cnon medium 
(Wan and Lemaux, 1994) B i v i > . imc rlvned by micro- 
projcctilc bombardment with a PDSiOOOH. device (Bio-Rad, 
Hercules CAi to [Otps i net iJvtcalSt 
entific Instruments, Richmond. CA) coaled with 12.5 pg of pAHC20 
plasmid and 12 pg oi s t ci >35S dKW c pi i UlnJRNN. One 
day bilbwui ( it ii i i va:c tit to 
hi In ii i ii.l seA i j gr it bialaphos (5 mg/1). 

P ll l 1 1 SI 111 I 

ation medium [FHG medium (Kasha et a!., 1990) with frog,'! 
bialapho j and im (bated ,; ?.4'( in the light. Regenerated green 
plants (To) w« i I i < „„nhouse. Five 

r.tas we a i 'ti, a ale.' i Ba U r_ *_ it 

Molecular analysts 

Genomic UNA, was isolated from barlej leaf nd callus, and PGR 
reactions (50 pit werr icrlmroedor t i:ng . ^ 1 

DNA Tla: primer pairs raaai tor bar were BardF (5' - C ATC GAG 
A i L \ yr < \f, , i , ill s i- i < 

GAG CGC CTC GTG CAT GCG - 11 * c m. usci 

or i r g ri r 1 ! s B a i. v v CA 



GTTCAG^ r i V . — i ii \-A- i T 1 d< 
AGA AAA GAA AGO ATT - V) and A .s to . b and hvknox?T> <5'~ 
ATA AAA CCA GAA GAG TGT GGA GTA - 3'). PGR was 
performed using a PTC-100 Thermal Controller (US Research Inc., 

It 1 e t L ' i to ii <1 i I phn 

eras oerformed essentially us described (Wan a; ah, I9A2) in t 
1 J , . ' r i n 1 j I / ' cD A n 

p35SAIKNN. Leaf tissue from five T; tines was analyzed by DNA 
blot hybridization for the presence of knl. Genomic DNA was 
isolated torn k 1 issi (Com 1 ligesied ith Hinffl. an ] 

1U 1 1 lis 1 i ti I il t 

i i s y \ i i ui vortaai ig I i 

i s omotc i btl cDNA m d nos i end; from 

pUbiUbilKNN a 3 8-kb fragment was released containing the ubil 
promoter and intron, knl cDNA and nos 3' end. Av/i-hybridizing 
sequences were detected from four of the live Ba.sia-resislant lines 
and the patterns of hybridization were unique confirming that each 
line was derived from an independent insertion event. 

Scanning electron microscopy 

Fresh tissue w a t i 1 t nol, 5% glacial 

acetic acid a ic 1 nA it I it il it !e rmxhi 

dehydrated mi el '■> 80%, 90%, 

95%, and 3 times with 100%) and critical point dried in a Samdri- 
PVT-3B (Tousimis Research Corp.. Rockviile, MD) in a COiatmos- 
1 i i s were mc ntcd on hi in m tubs with colloidal 
silver paste ('1 ■ D hi hJi i V i d rh 1* nra gold 
i ei r r i i i on anlSIDS-130.; 

SEM equipped with a tungsten filament operated at an accelerating' 
voltage of 10 kV (Bo/.a.ola and Russell. 1992). 

Sectioning of plant tissues, immunohistochemistry and 
RNAin^sitif .;' A ' 

Fixing and erhlu > .a' n i i I In u n ihAud methods 
(Jucksam I9°l 1 i I i i i 1 t 1 i 1 u< 

fixed in 4% formafdehydo solution on ice. infiltrated under vacuum 
for 30 minutes, roimmersed in fixing solution at 4°C overnight and 
embedded in paraffin. Ten (tnvdiick paraffin sections were mounted 
on ProbeOn™ PI 1 1 i ix slide- t i fr and stored at 

4°C. KN1 protein irniTianolocaliattioii was performed following the 
protocol described for KM tmrre i o d a,t ;n m maize using 
affinity-purified rabbit anii-KN i antiserum (Lucas ci al, 1995). In situ 
analysis of mRNA was performed using previously published 
methods (Jackson et al, 1994). The knl probe consisted of three 
subclones (0.4-0.65 kb) of the 16 fcb cDNA clone, transcribed sepa- 
rately and used as a mixture (Jackson et al, 1994). 

Phenotypic analyses 

I I 1 1 1 / ill! 1 IS 

. c'i i e> a; 1 er Leaf length, determine. 1 m. d.e ■:, ,t lead ie. 
emerge before the dag leati was measured from the edge of'ihc iignle 
to tlie tip of tl : on i" mrerno i ill -, all leaves from 

each tiller were removed and each inteinode was independently 
measured from the base of the plant up to and including the last 
internode bote 1 i t I I w i a , a' ted as 

the summation of each internode length pha, the len.m.h of the inflor- 
escence Phen f l i id 
the Hooded varieties Strip Tease, Haybet and BGS152 were 
performed under a dissecting microscope; ten florets from five in- 
dividual inflorescences from the same plant for a total of fifty florets 
were analyzed per Hooded variety. Scoring of the Hooded varieties 
for eet'.pi. lagan toimaiiori w.r based on ■ •bservaiions of the 
presence of extra floral structures. 
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Fig. 1. Depiction of the barley spikek 
i 01 iposcd v i i in its of s i e 

in i klui a uhk ii ho ]-• > 
two pi mi I bracts oil k t uc 
mi tren s stcriic or sul u 
lemma, is fertile. The lemma terminal 
an awn. The floral axis originates in ti 
the palea, two lodieulcs, three stamen 
ovary. 



iriey. the in 
ich are attar 
'a slmnenci 



xii of the lemma and bears 
d a pistil with a one-ovulate 



RESULTS 

The maize kn1 gene affects plant height 

We introduced the tnaize Aw 7 gene into barley by stable trans- 
formation in order to assess the effect of ectopic expression on 
plant phenotype. Two plasmids were used for transformation, 
one containing a selectable marker and the other containing the 
maize hi J cDNA driven by either 35S/o</W intron 
(P35SAI1CNN) or ubiqvitm/ubiquitm introu (pUbiUbilKNN), 
To confirm the presence of the transgene, progeny of the regen- 
erated plants (Ti) from two p35SAIKNN lines (35SKN-1," -4) 
and two pUbiUbilKNN lines (UbiKN-4, -6) were analyzed by 
DNA blot hybridization (data not shown). Two lines (35SKN- 
3, -4) contained the expected 2.9-kb fragment and one .line 
(UbiKN-6) contained the expected 3.8-kb fragment One line 
(UbiKN-4) did not contain an intact copy of the knl gene. 

Ti plants from 35SKN-I and -A and UbiKN-6 were charac- 
terized phenotypically by comparing transgenic Ti plants to 



their null segregants. Only one of the tlm 
(UbiKN-6) exhibited measurable alteratio! 
two 35S promoter-driven lines resembled v 
of the most noticeable phenotypic chang 
UbiKN-6 was a reduction in overall plant 
genie see-e<, ^ I , f ra fx 



w i oi > v cguiifs 
nificantly different from 
,55*3.22 cm). 



knl indue 



optc m 



Florets from line UbiKN-6 showed major morphogenic alter- 
ations along the e le l of the i florest nee (Fig. 2C), the 
lemma and a' i i i_ 1 1 and Relative to 

the wild-type oret (Fig. 3 A) tl nk >rets often had 

outgrowths of tissue at the Scmma/awn transition zone (Fig. 
3D) or more di&taliy toward the apex of the awn (Fig. 3B,C). 
W\ en c < top s t 1 se d more distally along 

. die awn. they protruded from both the edge of the margin as 



(data not shown). O thai formed at th n argm 

■ended to be very batr> and disrupted the d. vclopmem at the 
edges of the awn as shown by SBM analyses (Pig, 3B,C). Olifw 
growths that occurn i i lent f i tion zone often.: 

produced lateral pj dages ths. shape of which was triangu- 
lar (Fig. 3D). The orientation of* this appendage was. inverted 
180 degrees relative to the primary floret as evidenced by the 

) i t - h I 1 n ii 

In the most severely affix ted Hmni Mmumes of UbiKN*>6, 
ectopic florets initiated from the adaxiaf surface near the 
lemma/awn transition zone (Fig. 3E-0). When ectopic 
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ranha 



U !v 11 i lti> had 

number of floral organs and were abnormally developed; 
however, even in mature florets, the ectopic floral organs 
remained nm. d , t <n i i t moo of the first ectopic 

floret could be , i i d d v -.i on oi its paiea (identi- 
fied by its two r Inch was h rtcd relative to the 




Fsg. 2. Phenotypic variation in line UbiKN-6. (A) Ti -generation segregating plants (two plants per pot). The plant on the right contains the knl- 
arae the plant en hie 'oft a negative segraaain. (H) Average filler length* of i'ra;r noaati'. A - ja.i ; .;ni' i.'aai (white) and six -containing 
C i r 1 aes i v 
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orientation of the primary floret (Fig. 3E). 
floret was inverted relative to the first, suc ! 
ality of the second ectopic floret was the 
primary floret (f - f ^rturbances 
were highly 



he second ectopic hood (data not showr 
that she direction- produced at the lemtn 
same as that of the (Fig. 3D). In this regh 



and reseml c i 

'awn border of UbiKN-6 traattsformants 

!., a transition zone was observed at Ihc 



isible a... 

florets, with no 
the severity along 



multiple ectopic 
apt rent pattern i: 
en f>u mi 



Wfoleciilar and phenotypic 
analysis of Hooded {KK} 

Because of the similarities between 
Hooded and £«i-containing transgenic 
barley inflorescences, ! i i b iiorots 
from plants bearing the Hooded 
mutation were scored for awn tnor- 

letnma, palea, anthers, ovaries or entire 
floral structures (Table I) and charac- 
terized by SEM analysis. This analysis 
was performed on plants bearing 
Hooded in three different backgrounds 
and grown under identical, controlled 
growth conditions, to minimize the 
known effects of environmental con- 
ditions on the phenotype (Yagif, I960; 
Yagil and Stebbins, 1969). To minimize 
the possibility that variability was due 
to diff£ en U ! ed alleles in the three 
backgrounds, PGR analyses were 
performed. This analysts showed that 
ail 'three. Hooded mutants, contain an 
approximate 300 bp insertion in intron 
4 (data not shown), suggesting that all 
mutants likely derived from the same 
allele as described by Mtiller IMiiller et 
ah, 1995). 

In Strip Tease (CI 6837), which 
contains Hooded in a six-rowed dwarf 
background, the hood remained rudi- 
mentary (Table 1); awns were often 
completely absent and small triangulm- 
shaped appendages developed at the 
lemma/awn border (data rsot shown). 
When immature J rels were c turn ice 
by SEM, author and ovule primordia 
wore often observed enclosed within 
the ectopic palea and were frequently 
present in an incorrect number and 
were under-developed (Fig. 3H). 

The six-rowed stock, BGS152, 
develope a > t nc 

xtrcme Ho< f T 

The ectopic florets were nearly as fully 
developed IV!' i K s the 

primary florets. BGS152 florets, 
examined by SEM. were found to have 




the 



Fig. Ikd n t t < i i i i j i m i 
floret; (B-G) UbiKN-6 transgenic florets and (H-J) flore 
different genetic backgrounds. (A) Wild-type floret at the len 

inverted orientation. (D) An ectopic outgrowth in which the hairs resemble those found on the 
lemma and are inverted relative to the lemraa hairs on the primary floret. (E) An ectopic floret 
on the awn consisting of a palea, anther and ovary (the tip of the palea from the primary floret 
■is visible at the bottom of the photo). (F) Two ectopic florets, the first consisting of a paiea 
i 1 1 1 ! | tlci no 

i i , i j i i i i) s i i ,] i i ]bi < 1 

lemma/awn transit c 1) Ho v i i i > ^ s,. i 

of a palea, three anthers, and an ovary is shoe ,. I " > i <s ■ 52 The p.tlea was 

removed to visualize the ectopic floret. The first ectopic floret contains a paiea, four anthers 
and a single ovary. A second ectop palea s i i s 

;pit V t Adiiifoi i i ii 

awn. (J) Hooded mutant Haybet. The first ectopic floret consists of a single palea and two 
anthers. Additional floral primordia are visible moie e ^1 w ' i 1 mi 

d, palea; aw, awn; a, anther; o, ovary. (Scale bar: A, 220 um; B, 200 um; C, 360 um; 
D, 270 um; E, 220 urn; F, 250 tins; G, 1 50 um; H, 65 pm; I, 220 fun; J, 160 um)'. 
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rudimentary 

aiuhcrs and/or Lemma and 

ovary (no- rudimentary 

palea) palea, only 



+ = ~io%, y ? ) ( i >»t s i i n it n i 1 1 

''First ectopic flower, 
'i Second ectopic flower. 

i ! Hi i i iu i i i i on-- ponding t 



lernraa/hood border demarcating Ihe junction between two 
lemmas, The inversion of the first ectopic floret relative to the 
primary floret was documented by examining the direction of 
the haii on the i lemma and by 

the orientation of the ectopic palea (Fig. 31). Multiple floral 
primordia v\, , , , length of the 

awn (Fig, 31) with each primordia inverting its orientation 
relative to the preceding primordia. 

'Haybet', which contains the Hooded mutation in the two- 
rowed Betzes background, . developed the greatest array of 
i%0icfef/ phenotypes (Table 1). In the mildest eases, <>»|y very 
•rud'mientary flo >rgat >n to n e? severe instances, 
fully developed secondary florets formed. Often, the ectopic 
florets would develop abnormally producing ectopic floral 
organs ( i i is! lata n ! 

i f inn in > i> ed thai tin ti i 

In the most severe cases, a second ectopic floret formed with 
the full complement of floral structures and in the opposite ori- 
entation to the first ectopic floret, as was observed in BGS 152. 

Expression analysis 

The barley HVKNOX3 protein is 90% identical to KN1 
(Mttiler et al, 1995). Because of this similarity we were able 
to use the antibody to KN1 (Smith et al., 1992) in protein 
t tniminolocaiizalion studies on immature inflorescences of 
flooded mutants as well as transgenic and nr. 11 segregants of 
35SKN-1 and UbiKN-6. It; serial sections through ihe inflo- 
rescence of negative segregants, accumulation ofhigb levels of 
endogenous K.'Nl cross-reacting proteins were observed in 
immature vascular bundles within the floral shoot axis and 
more weakly in the ground tissue of the inflorescence shoot 
(Fig. 4A). Expression was also observed in rachilla (Fig. 4A) 
which give rise to the floret and in immature floral meristems 
(data not shown). No expression was observed in lateral organs 
such as lemma/awn. palea, anther and ovary (Fig. 4A). No 

affinity-purified pie-rmmum serum to. a ,■ not . hoe, to. 

Immunolocal ) zaiioo was also performed on ^/'-containing 
segregants of lines 35SKN-1 and UbiKN-6. No ectopic 
expression was observed in the lemma/awn of florets from 
35SKN-1 (data not shown), In the UbiKN-6 line, the 
expression patten; through a median longitudinal section of an 
immature inflorescence was nearly identical to the negative 
segregant (Fig. 4A), with the exception of a small region of 



ectopic expression on the iemma/awn border (Fig. 4B). This 
zone of express! oii wu* not observed on every lemma along an 

11 jcence b ppc ed sporad jpic tnfio 

rescences. Young florets from line UbiKN-6 that have ectopic 
florets initiating along the lemma show expression in epidermal, 
and subepidermal layers on both the adaxiai and abaxial 
surfaces of the lemma in the region proximal to the ectopic 
floret (Fig. 4C). This expression terminates on the abaxial side 
at a position directly below Ihe ectopic floret; however, on the 
adaxiai surface the expression continues more distally along 
the lemma (Fig. 4C.D). We observed expression in ail cells that 
comprise the base of the ectopic floret. Expression was 
observed in the cells which comprise the base of the filament 
of the immature ectopic stamen and also in the epidermal layer 
of the anther but was absent from the ectopic palea (Fig. 4C,D). 

In immunolocalizatioTi studies on immature florets from the 
Hooded rr,i-\m\ BG i <■ ; n p > t tt toutid to be ' 
nearly identical to thost 5 ' » - rfrom ht.e Ub'iKN- 

6 with two exceptions, First, we did not observe expression - in. 
the epidermal cells on either the adaxiai or abaxial side of the 1 : 
lemma proximal to the ectopic flower (Fig. 4E). Secondly, in 
the Hooded varieties expression extended from, the ectopic 
floret distally toward the apex of the awn and was observed in 
t _ s tii sen ail F ig -i ) 

Analysis of mRNA by in situ h; bridi '.aiion was performed 
on immature inflorescences and floral tissues of transgenic and 
null segregants of 35SKN-1 and UbiKN-6, In serial sections 
through the inflorescence of n ts, significant 

accumulation of hi J mRNA was not detected. No ectopic knl 
transcript was observed it! the iemma/awn of florets from 
35SKN-1 (data not shown). However, in 8-9 serial sections 
through the inflorescence of UbiKN-6, a small region of knl 
mRNA accumulation was detected in the lemmas of some of 
the florets (Fig. 4G). The expression was also detected in the 
base of the ectopic, floret as well as in the ectopic floral organs 
(Fig. 4H). 



DISCUSSION 

In this paper we describe the creation of transgenic barley 
plants expressing the maize homeobox gene knotted! (knl). 
The introduction and ectopic expression of kn l in barley phe- 
nocopies the naturally occurring dominant mutant, Hooded, in 
which the awn is triggered to form a series of ectopic floral 
meristems This is con.. nembers of the 
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knl gene family function in meristems (Kerstetter et aL, 1997; 
Long et aL, 1996: Sinha et a!.. 1093: Smith et a!., 1992). 

Phsnotypie analyses of transgenic tef-expressing 
barley and Hooded 

Analysis of our data shows that ectopic expression of knl is 
sufficient to induce development of ectopic florets on tbc 
adaxial surface of the Jcmma/awn of barley, intermediate phe- 
notypes include various types and amounts of ectopic out- 
growths of tissue near the lemma/awn transition zone and more 
distally along the awn (Fig. 3B-D). SEM analysis of immature 
Inn >ui , nil re r.'.e.iicd fi l s u u >p \< 



developed, they were located at the distal end of the lemma and 
remained under-developed. They also formed in an irevrec >i 
entation to the preceding floret (Pig. 3F.G), similar to the 
s t m 11 ret re > i < v , J). The differ- 

obsere wen the three i c mutant fl s (Fig 
3H-J) suggests thai different backgrounds have noticeable 
effects on the seventy and appearance of the mutant phenotype 
between different ge s. There f< t tl 

severity and nature of flic phenotype of the A-w /-expressing 
plants were influenced by the genetic background. 

W Iso ol : ved m ovcrali reduction i plant heigh! n 
transgenic barley plants (Fig. 2A) similar to that previously 



Kig. 4. in site i i i i >. n 
analysis using antibody to KN1 (A-F) 
(Lucas et at., 1995) andmRNA 
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stem portions of the rachis and so the 

differentiated organs, e.g. lemma, 
awn, anther, and ovary. (B) Florets on 
an immature inflorescence ofUbiKN- 
6 transfonnant; ejepres'siori is also 
seen in the rachis and rachilla. in the 
region of the lemma/awn transition 
zone, localized ectopic expression is 
observed in the region that is 

te the ectopic fior 



■i Porta of 
iiary florc! is ;: 



e-pio^nci is i . ' i tiie 
■.;pkic-mia! snbq/ldeunaS cell layers on 
both the adaxial and abaxial surfaces 
of the lemma at the position of an 
ectopic floret as well as in the ectopic 
floret. (D) A closer view of the 
ectopic floret in C. Expression is 
observed in the base of the filament of 
the immature ectopic stamen and also 
in the epidermai/subepidermal layer 
of the anther but was absent from the 
ectopic palea. (E) An individual floret 

anther and ovary is at the left; normal 
zones of expression are observed at 
the base oft floret. Expression 
in ti i i u i v. , mi ^ ^ s,. 
observed in florets from iiee Ubi.KN- 
6: now ever, expression is not 
ot i , ed =i the 
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of the 

tKN-6 transfonnant in the region of the lemma/awn transition zone, Uxah red > ■> ' ot served in 

become the ectopic floret (arrow). (H) An individual lemma from a floret of line UbiKN-6. The anther from the 
? tnENA is at the base of the ectopic florets and extends up into the developing ectopic floral organs, re, rachis; rl, 
Yd, palea; an, anther; ov, ovary; st, stigma; ol, ovule. Scale bars: 50 urn. 



Seize kn 1 expression phen 



i vec i I lomalo and tob icco 

expressing bil driven by a constitulive promoter (R, Wiiliarns- 
Camei unpiibiis t; Clruc ;t a 996; Hareven t a 

1996: Sinha et al, 1993, respectively). Severe alleles of Knl 
in maize ..ho t 1 1 e r et al., 1 990) 

although no effect ' he ght was observed in the Hooded 
backgrounds studied, it has been proposed that she dwarfing 
effect of Knl results from a reduction in (he rate of ceil 
divisions (Sinha et al., 1993), 

Differing responses of monocot and dicot tissues to 
KN1 expression 

Expression of knl and fo?/-like genes in dicotyledonous 
species has caused leaf phenotypes dramatically different from 
the phenotypes observed when the same or similar constructs 
were expressed in monocots. Tobacco plants transformed with 
the bil cDNA produce leaves that are diminutive with 
numerous ock i i< i i .i i ■ j\ the adaxial 

surface of the leaves (Sinha et al., 1993). A similar situation 
was observed ii i hichpsh when the knl -like gene, KNAT1, 
was ex >ress<. s a al . 1996; 

Lincoln et al., 1994). Ectopic expression converted simple 
leaves into lobed leaves and ectopic meristems developed in 
the sinus region of the 
-.lobes. In both tobacco 
and Arabidopsis, vege- 
tative meristems 
developed oh vegeta- 

five leaves while inflo- . 



gene OSH1 (Matsuoka ei al., 1993) also resulted in knots 
forming on the leaves but no ectopic meristems. The fact that 
monocots ectopicatK e\ ' , t .• / ko gene do not 

produce meristems from their leaves, as seen in tobacco and 
trabidop 1 nun reflect i fundamental difference in he pias 
ticity of monocot and dicot leaf cells. Leaf cells of dicots may 
retain a more flexible, less-determined state allowing them to 

ji l 1 1 > 1 . is w i Oi S)s*i it 

it t <. i ^ Et i o h ! Us t i) i an pni .t d 

in vitro to produce totipotent tissue that gives rise to fertile 

I 1 i • v lil i i ( t) to K poik tl 

o give rise to plants <t s J 1 

Since monocot leaves are unable to produce ectopic 
meristems, we arc left with the question of why the barley awn, 
considered to beaniMt 1 I 

produces ectopic meristems. Previous histological data showed 
that mitotic spindles in wild-type awn cells are consistently 
oriented parallel to the long axis of the awn and all divisions 
in the epidermal nod subepidermal layers are anticlinal 
(Stebbins and Yagil, 1966). In Hooded mutants, however, the 
epidermal cells in the region of the developing ectopic florets 
divide at various angles with respect to the long axis of the 
lemma. Periclirtai divisions occur in the subepidermal layers 



tha 



ed i 



phase of the plant 
determined the identity 
of the meristem. 

In contrast, the pro- 
duction of meristems 
on vegetative leaves 
was never observed in 
monocots. In trans- 
genic maize only vein 
clearing, knots and 
ligule displacement 
occurred (R. WiHiams- 
Carricr, unpublished 
situation 





Wild-type 



r to that 




tlx 



leant 



In 



transgenic barley line 
UbiKN-6 no leaf phe- 
notypes were observed; 
although, more 
recently isolated lines 
i is JV!ng -mots on 
leaves (R. Williams- 
Carrier, unpublished 
data). Transformation 
office with the fo? /-like 



fi < 



the eiorph: sog\ of w lid-type. v< 
p) is composed m repeating est 
ode along die sPb-vsceiu,:;. i n< 



<us Uofxicd ■ 
of spik 



ts observed i 
is proposed! 



.iced inflorescence me 
p.florescence. Initiation of florets from 
the fei-transgenic wiA Hooded ravin 
be due to the ts 



iiliinl ' inflorescence lie \ 



' spikelcls gives < v the 

(it i 
>f inflorescence identii; along the 



3744 R, E, Wiliiams-Carrier and others 



and give rise to the elevated dome from which the organs of 
the first ectopia > ?t arc Hi - \ 
1966). Awn cells may lack the constraints in cell division 
patterns inherent in other monoeot leaf cells. 

Expression patterns of UbiKN-6 mimic those in 

Wooded 

N ) i i ! i ! ivD t\i\K 

KN1 accumulation within the developing florets of the UbiKN- 
6 <rau„ee;m line compared to that of i • va in Hooded 
initios < h i U et .d , 1 < ; If V 

and UbiKN-6, the region, of the awn that expresses KNI 
appears to be the site of formation of the ectopic floret 
Tmmunoiocalizniion and mRNA hybridization analyses of the 
UbiKN-6 line revealed that n small zone of knl protein and 
mRNA ition zone in 

immature florets (Fig, 4B,G)-, however, this expression was 
varied ie from II art to floret along an inflorescence. 

Our finding that knl mRNA and protein accumulation in 
UbiKN-6 was limited to a specific subset of cells that give rise 
to ectopic florets was unexpected since expression of the knl 
cDNA was controlled by the ubiquitin promoter (Christensen 
and Quail, 1996), previously shown to confer constitutive 



at k\ 



promoter-driven nidA construct revealed uniform biut staining 
throughout all stages of the developing awn (R. Williams- 
Carrier, unpublished results) demonstrating that the ubiquitin 
promoter drives constitutive expression throughout this organ, 
in i -d f ti > i ! ii 1 i i iii 

was observed in the awns,- no ectopic expression of 'knl was 
detected. It is possible in barby that levels of expression, of 
t tnsgem dm n " - e i i e i 

wh s drive:] y the n 1 i 

Mendel, 1994; M.-J. Cho and P. G. Lemaux, unpublished data); 
however, this does not explain the localized expression 
observed in UbiKN-6. 

We piupo that knl - 1 > f N - i -v-i >s i > i i;ic"e 
transgenic plants StnnL f' o - explain the expression 
patterns seen in 35S:KNAT1 Arabidopsis plants (Chuck et al., 
1996). Although it is possible that ectopic KNI expression 
induces hvhwxi expression in the ectopic meristem, the knl 
mRNA hybridization data does not support such a model. The 
regulated c > N tnat 1ht <e 

cells are unique, not only in their nbiiity to divide in different 
planes but also in their capacity to express and/or respond to 
KNI , It is likely that knl expression requires the cooperation of, 
or is inhibited by. othai fu.t>>n that .-.a e-vpic-ed in a spatially 

C ten 1 , I d vl< 1 1 

A model for ectopic inflorescence meristem 
formation 

One of the more striking features of the mcri&tcws formed on 
awns is their iterative pattern of reverse orientation, a finding 
that has puzzled former investigators (for review, Stebbins and 
YagiL 1966). Stebbins observed that the cellular patterning of 
the meristematic dome resembles the portion of the rachis from 
whie i s ik is ""v v iiaie We % ] scan del t expi t 
this phenomenon based on the KNl-induced transformation of 
the barley awn to an inflorescence meristem (Fig, 5), rather 



than simply to a floral meristem. In basic} three spike-lets arise 
at each node along the inflorescence, it; two-rowed barley, the 
central spikeiets are fertile and the lateral spikelets remain 
reduced. In the eetopically exoressine ^./-transgenic and 
hvknoxS Hooded mutant plants' accumulation of'tCNi and 
KNOX3 signals ceils to initiate inflorescence meristems on the 
awn creating , r k ,1 tie 1 ] ally produced 

inflorescence n is then initiate apikeleis that mimic the 
same pattens as that laid down by the wild-type inflorescence; 
■he two pi eUts oppose fib other i ) orientation. Normally 
in a six-rowed variety three spikelets develop at each node of 
an inflorescence; however, in this instant only the voct ntral 
spikelets, directly opposite each other develop (i m 1). This 
may be due to a limitation in the number of cells that can be 
recruited to form ectopic inflorescences or localized space con- 
straints limiting the development of the inflorescence. The two 
central spikelets initiate florets which give rise to the opposing 
florets observed in the transgenic and mutant plants. The reit- 
ralionofthet ran due to the e t tb 

lishment of additional regions of inflorescence identity along 
the awn. 
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